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Air pollution has become an important issue, especially in Caribbean urban areas, and, 
particulate matter (PM) emitted by different natural and anthropogenic sources causes 
environmental and health issues. In this work, we studied the concentrations of PM10 and 
PM2.5 sources in an industrial and port urban area in the Caribbean region of Colombia. PM 
samples were collected within 48-h periods between April and October 2018 by using a 
Partisol 2000i-D sampler. Elemental geochemical characterization was performed by X-ray 
fluorescence (XRF) analysis. Further, ionic species and black carbon (BC) were quantified 
by ion chromatography and reflectance spectroscopy, respectively. Using the Positive 
Matrix Factorization (PMF) receptor model, the contributions of PM sources were 
quantified. The average concentration of PM10 was 46.6 ±16.2 µg/m
3
, with high 
concentrations of Cl and Ca. For PM2.5, the average concentration was 12.0 ±3.2 µg/m
3
, 
and the most abundant components were BC, S, and Cl. The receptor model identified five 
sources for PM10 and PM2.5. For both fractions, the contributions of marine sea spray, re-
suspended soil, and vehicular traffic were observed. In addition, PM2.5 included two mixed 
sources were found to be fuel oil combustion with fertilizer industry emissions, and 
secondary aerosol sources with building construction emissions. Further, PM10 was found 
to also include building construction emissions with re-suspended soil, and metallurgical 
industry emissions. These obtained geochemical atmospheric results are important for the 
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The geochemical structure of air supports the existence of many organisms on Earth. 
Yet sensitive modifications in the atmospheric geochemistry conformation can lead to the 
heating of the world, depreciation of the O3, and contaminated urban atmosphere. Air 
pollution in urban areas has become one of the major environmental problems, and it 
substantially impacts human health (Agudelo-Castañeda et al., 2016; WHO, 2018). The 
World Health Organization (WHO) estimates that 4.2 million people in both cities and rural 
areas die worldwide each year due to air pollution. Approximately 58%, 18%, and 6% of 
these deaths were associated with ischemic heart disease and stroke, chronic obstructive 
pulmonary disease and acute respiratory infections, and lung cancer, respectively (WHO, 
2018). In Latin America and the Caribbean, air pollution has become a major concern 
owing to the increase in the concentrations of particulate matter and other air pollutants 
(Saldarriaga-Molina et al., 2004; Riojas-Rodríguez et al., 2016; Silva et al., 2020a). Among 
the atmospheric pollutants, one of the most hazardous is particulate matter (PM), which has 
various size fractions, being the finest the most dangerous. The important adverse results of 
ultra-fine particles have been confirmed in many previous studies and remained robust in 
the double-pollutant models adjusted for the mass concentrations of PM2.5 or even PM1.0, 
including on mortality (Su et al., 2015), morbidity, pulmonary function, respiratory 
inflammation and oxidative stress, blood pressure (BP), and heart rate variability (HRV) 
(Chen et al., 2021), indicating the importance of UFPs control. Moreover, several previous 
studies have reported on the short-term health effects during substantial temporary 












changes in health outcomes rather than on the changes in the relationships between health 
outcomes and air pollutants (Cui et al., 2018; Kubesch et al., 2015). 
Particulate matter has diverse geochemical compositions depending on the natural and 
anthropogenic emission sources and its atmospheric processing (Duarte et al., 2019; Silva 
et al., 2020a,b). The only way to estimate and/or identify the contribution of each of these 
sources is via particle geochemical characterization. PM may include organic, mineral, and 
amorphous species, of which concentrations and composition vary spatially and temporally 
depending on the nature of the sources, so it is important to study PM composition to 
understand its dynamics and impact on the geochemistry environment (Arana and Artaxo, 
2014; Cáceres et al., 2019). Some studies, especially from developed countries, have 
identified the main PM sources and, further, by applying appropriate air quality 
management techniques, air pollution was reduced and population health improved (Wang 
et al., 2018). 
 However, in some developing countries (Ramírez et al., 2018) and Caribbean areas 
(Silva et al., 2020a), due to the lack of measurements, adequate aerosol source 
apportionment has not yet been achieved. Therefore, information on the geochemical 
characteristics of PM and identification of the emission sources are needed, specifically, the 
effect of meteorological variables, the concentration of pollutants in the atmospheric 
geochemistry, the duration of exposure to these concentrations, and the receptor 
characteristics are of high relevance. Multivariate receptor models are well-known tools for 
this type of scientific study. These have been used to identify and quantify the PM sources 
worldwide (Vallius et al., 2003; Scerri et al., 2016; Farahmandkia et al., 2017; Bhuyan et 
al., 2018; Wu et al., 2018; Saraga et al., 2019; ). Positive Matrix Factorization (PMF) 












observation data for the identification of the optimal results for the factors/sources (Police 
et al., 2018). The PMF model is used as a tool to identify sources of atmospheric PM and 
quantify their respective contributions, especially in highly polluted industrialized urban 
areas (Reff et al., 2007; Brito et al., 2013; Salvo et al., 2017; Cesari et al., 2018; Morera-
Gómez et al., 2018; Saraga et al., 2019). These data must be reliable, valid, and up-to-date 
to acquire information about the characteristics of the atmosphere, which will enable not 
only effective scientific decision making but also facilitate long-term early alerts and the 
development of new environmental policies that will help to mitigate and control pollution 
(Song et al., 2016). 
In recent years, rapid industrial development, especially in relation to fertilizer 
factories; cement, iron ore, and steel industries; waste incineration; civil works projects; 
and increased vehicular traffic in the Caribbean city of Barranquilla, Colombia, is affecting 
the air quality of the region (Castillo-Ramírez et al., 2018; Silva et al., 2020a). Steel 
industries are a major environmental pollution source as they release numerous 
contaminants as particulate matter (PM), gas and vapour. Most PM wastes from these 
industries contain iron, carbon powder, and silicon (Yan et al., 2010), and minor elements 
such as Pb, Al, Zn, Mn, Cr, Cd, Cu, Ni, Ti, V, and other trace hazardous elements. The 
legislation for monitoring and controlling atmospheric contamination is usually based on 
the definition that PM is a complex mixture of solid particles, containing both organic and 
inorganic substances, suspended as aerosols in air together with liquid droplets. PM 
fractions having a diameter of 10 μm or less (PM10) are recognized as potentially harmful 
to humans (WHO, 2018). In this context, for industrialized urban areas with such a 
complex environment, geochemical studies are needed to determine the pollutants and the 












information will allow the generation of a baseline for the air quality of the Caribbean 
region, thus enabling authorities to establish criteria for the mitigation and control of air 
pollution in the region.  
The multiple PM sizes released in the atmosphere during smelting vary according to the 
alloys produced, the composition of the original ore, and the industrial process applied, in 
addition to the high melting temperature and/or the additives used in the process (Badillo-
Castañeda et al., 2015). The PM released in the smoke can be coarse, fine, ultrafine, and 
nanoparticles (the latter NPs with at least in one dimension ≤100 nm), which have a high 
potential to reach the respiratory system (Arick et al., 2015). Furthermore, metallic NPs 
have been widely used in steel production to improve weld strength and this may increase 
their release to the environment (Kumar et al., 2018). NPs are continuously used in 
numerous industries, including the steel ones; however, environmental regulations have not 
yet been established, as their action is not fully understood. 
This study reinforces the need for more studies on Caribbean areas because there have 
been few investigations focused on these environments that have unique atmospheric 
geodynamics; in particular, the dispersion processes of atmospheric PM, as well as the 
contribution of significant natural sources, specifically marine aerosols and soil re-
suspension, in these areas, are more significant than those in other industrialized urban 
Caribbean areas. 
 
2. Materials and Methods  
2.1. Selected study Area 
According to the reviews conducted, the atmospheric geochemistry of the Caribbean 












to collaborate with other industrialized and urban Caribbean regions. The city of 
Barranquilla (10°59′16′′N, 74°47′20′′W) is the capital of the department of Atlántico in 
North Colombia and is located on the Atlantic Caribbean coast at an elevation of 18 m.a.s.l. 
It has an area of 154 km
2
 and a population of approximately 1.2 million (Alcaldía de 
Barranquilla, 2020). The climate of Barranquilla is classified as tropical dry and is 
characterized by a wet period from April to November and a dry one from December to 
March. The average annual rainfall and temperature are 767 mm and 27 °C, respectively, 
and the wind direction from the northeast is constant (CIOH, 2007).  
Barranquilla is officially referred to as a special, industrial, and port district. It is a 
coastal city with several industries, especially for producing beverages and food and 
manufacturing of metal products and geochemical substances and/or products. However, in 
addition to the economic benefits resulting from these industrial activities, they contribute 
to the deterioration of air quality in the urban area owing to the increase in atmospheric-
pollutant concentrations (Vélez-Pereira and Vergara-Vasquez, 2013). 
In this study, the sampling site for atmospheric PM (PM10 and PM2.5) was located on 
the roof of the Universidad de la Costa (10°59′41.85′′N, 74°47′27.65′′W) (Fig. 1). This 
monitoring site was selected because it is downwind from multiple sources of local 
pollution, including vehicular traffic, industrial emissions, and biomass burning in the 
Salamanca Island Park, a nature reserve located near the study area. These are 
representative sources that significantly increase the levels of atmospheric pollutants in the 
study area (Fig. 2). 
 












PM10 and PM2.5 aerosol sampling was carried out between April and October 2018. To 
define the optimal sampling time, preliminary tests were carried out by varying the 
sampling time from 24 h to 48 h, to determine the optimal sampling time. The tests showed 
that optimal sampling was achieved with 48-h sampling for each filter, and a total of 83 
samples were obtained during this period. A Partisol Dichotomous 2000i-D sampler 
(Thermo Fisher Scientific) was used to collect PM using 47-mm-diameter PTFE filters. The 
sampler has a virtual impactor and can simultaneously collect the fine (PM2.5) and coarse 
(PM2.5–10) mode aerosol fractions. The PM10 concentrations correspond to the sum of the 
concentrations of the two fractions. This equipment operates with a PM10 inlet and a total 
flow rate of 16.7 L/min. Internally, the flow is separated using a virtual impactor into two 
with a 15 L/min flow rate for the fine particles and 1.67 L/min for the coarse fraction. 
The PM10 and PM2.5 concentrations were determined gravimetrically with a Sartorius 
microbalance. Before weighing, all filters were conditioned in a desiccator and then 
weighed in a room with controlled temperature and relative humidity conditions (25 ±2 °C 
and 40% ±5%, respectively). A deionizer was used to neutralize the electrostatic charges of 
the filters (Taiwo, 2016). The weighing was repeated for filters with and without aerosol 
collection until three replicates achieved a weight difference of less than <10 µg. Careful 
measurements with a blank control helped in achieving good accuracy and low standard 
deviation.  
Meteorological parameters such as the precipitation, wind speed and direction, 
temperature, relative humidity, and solar radiation were measured with a Davis Vantage 
Pro2 meteorological station. The meteorological data were collected every 5 min, and after 













2.3. Geochemical characterization  
The aerosol samples were geochemically characterized to determine the levels of the 
major and traces elements, soluble ions (for PM2.5), and the black carbon (BC) 
concentrations associated with PM10 and PM2.5. X-Ray fluorescence (XRF) analysis was 
performed in the laboratory of the Companhia Ambiental do Estado de São Paulo 
(CETESB), Brazil, with a PANalytica Epsilon 5 spectrometer. The calibration and 
optimization methodology of the instrument were the same as those developed by Arana 
and Artaxo (2014). The measurement time for light elements (Na to K) was 600 s and that 
for heavy elements (Ca to Pb) was 300 s, corresponding approximately to 1 h of 
measurement for each sample (Arana and Artaxo, 2014; Contini et al., 2016; Scerri et al., 
2016). The detection limits (DL) for each element are within a range of 0.001–0.015 µg/m
3
.  
After XRF analysis, the concentrations of cations and anions for PM2.5 were obtained 








 (in the soluble 
fraction) were determined with an inductively coupled plasma optical emission 
spectrometer (ICP-OES; Optima model 4300 DV, Perkin Elmer) equipped with a 
GemCone
®
 nebulizer and a cyclonic spray chamber. Argon (99.996%; Air Products, Brazil) 







 were determined by ion chromatography with a 
Metrohm IC model 850 professional and a conductivity detector. These analyses were 
performed in the Chemistry Department of the Universidade Federal de Santa Maria, Brazil 
(Morera-Gómez et al., 2018; Querol et al., 2002). 
The concentrations of black carbon (BC) were determined by using a reflectance 
technique (optical absorption). The measurements are made with a diffuse white light 












established by Santos Junior (2009). These analyses were performed in the Universidad de 
la Costa, Colombia. 
 
2.4. Aerosol source apportionment  
The contribution of each of the PM sources was estimated using the PMF receptor 
model (Paatero and Tapper, 1994; Tasić et al., 2009; Morera-Gómez et al., 2018; Ramírez 
et al., 2018; Saraga et al., 2019). The objective is to identify the number of factors/sources, 
their chemical profiles, and the mass associated with each source that contributed to the 
measured PM concentrations (Cesari et al., 2018). Knowledge about the source profiles is 
not needed to use the PMF model, and it is quite easy to use (Zhong et al., 2018); in 
addition, its effectiveness has been demonstrated in many studies on urban areas worldwide 
(Gu et al., 2014; Contini et al., 2016; Gao et al., 2016).  
The PMF model version 5.0, developed by the US EPA (USEPA, 2014), was used in 
this study. The fundamental principle in this receptor model is that mass conservation can 
be assumed, and a mass balance analysis can be used for the identification and 
apportionment of sources of airborne PM (Hopke, 2003): 
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where xij is the concentration of the j
th
 species measured in the i
th
 sample, gik is the 
contribution of the k
th
 source to the i
th
 sample, fjk is the concentration of the j
th
 species in the 
k
th














measured in the i
th
 sample. The objective of PMF modeling is to minimize the sum of the 
squares of the residuals weighted with the estimated uncertainties. 
Uncertainties were calculated according to the DL and the proximity of the 
concentrations of each element to this DL. When the concentrations were equal or close to 
the DL, the uncertainty was greater (250%), and when the concentrations were higher, the 
uncertainty was lower (5%). When an element could not be determined (i.e., concentrations 
below the DL), it was considered with an uncertainty of 400%. Also, each evaluated 
element was classified as "Strong" (when the signal-to-noise ratio (SN) was >1.0), "Weak" 
(when 0.2 < SN < 1.0), or "Bad" (when SN < 0.2) (Viana et al., 2006; Vargas et al., 2011; 
Ramírez et al., 2018). For the fine and coarse fractions, 21 and 16 species, respectively, 
were selected as the strong species. The proximity of Qrobust and Qtheory values was used as a 
criterion to select the best fit of the model corresponding to the number of factors used 
(from four to six factors). The best solution was obtained using five factors for each PM 
fraction, which have a reasonable interpretation since the residues were distributed 
symmetrically for almost all the elements, which means that the model can reasonably 
adapt to each chemical species (Cesari et al., 2018). In addition, considering fewer factors 
resulted in many mixed sources, and in contrast, a higher number of factors resulted in 
sources with few associated elements. 
The reconstructed mass or mass closure calculations for PM10 and PM2.5 corresponded to 
the arithmetic sum of the average concentrations of each chemical component, which in this 
study included the following: BC, the major and trace elements determined by analyzing 25 
possible elements (Mg, Al, Si, P, S, Cl, K, Ca, Ti, V, Cr, Mn, Fe, Ni, Cu, Zn, Ga, As, Cd, 












of Cr, Ga, As, Se, Cd, Sn, Sb, Sr, Rb, Rh, Pd, and Pt were in general below the DL, and 
therefore, these elements were not considered in the statistical analyses.  
 
2.5. Statistical analysis 
To analyze the behavior of the PM and chemical concentrations and meteorological 
parameters data, a normality test, i.e., the Kolmogorov–Smirnov statistical test, was carried 
out with a confidence level significance of 95% and a p-value of 0.05. In this way, the 
behavior of the data allowed that the non-parametric test should be used, since it better 
adjusts to a non-Gaussian data distribution. Also, Spearman’s correlation coefficient was 
used, since it can be used for non-normal data distribution (Delicado, 2008). In addition, a 
correlation matrix was employed to evaluate the strength of the relationship between the 
variables and thus to validate the chemical and geochemical analysis results. 
 
3. Results and discussion  
3.1. Mass and chemical concentration of PM10 and PM2.5 
The results of descriptive analysis for the 88 samples evaluated are shown in Table 1, 
which presents the arithmetic average, minimum, maximum, and standard deviation of the 
concentrations of the PM and each chemical element evaluated. From April to October 
2018, the average concentration of PM2.5 was 12.0 ±3.2 µg/m
3
, and that of PM10 was 46.6 
±16.2 µg/m
3
. A comparison with the results of IDEAM (2018), who performed similar 
measurements in other Colombian cities, for aerosol compositions in Bogotá and Medellín, 
shows that the concentrations in Barranquilla are lower. At present, each country has 
applied specific regulations for outdoor and indoor environments, with an aim to minimize 












Health Organization (WHO, 2018) has a maximum of 50 μg/m
3
 in 24 h for PM10 but, based 
on an annual monitoring, the daily mean cannot exceed 20 μg m
−3
 in the same period. For 
the fine particulates (PM2.5), the maximum recommended value reach 25 μg/m
3 
in 24 h, 
with a daily mean of 10 μg/m
3
 in the same period (Bourdrel et al., 2017). The regulatory 
analysis of air quality usually quantifies PM10 and PM2.5 filtered from air over 24 h and 
captured in a membrane with appropriate pore size; the difference between the membrane 
mass before and after the sampling process is considered as the total amount of PM in the 
air (Cereceda-Balic et al., 2017). 
Upon evaluating the relationship between the concentrations of PM10 and PM2.5, it is 
observed that the fine fraction corresponds, on average, to 26% of the PM10 concentrations. 
When comparing this percentage with the values obtained in other urban cities in Latin 
America, it is observed that the percentage in Barranquilla is lower than that in Córdoba, 
Argentina; Belén, Costa Rica; and Mexico City, Mexico (Table 2). This is attributed to the 
characteristics of the study area, which, in addition to being a coastal area, is strongly 
influenced by the trade winds from the northeast (from the Caribbean Sea), which facilitate 
the dispersion of the fine fraction. Further, Barranquilla has a flat urban area, which 
contributes to the dispersion of fine particles due to their small mass. The latter is because 
the atmospheric PM consists of chronic and diffuse contamination in which one source may 
disperse particles to a large area (Tiwary and Williams, 2018). During the rainy season the 
atmospheric PM can be dispersed and dissociated in the nanoscale and percolate into the 
subsoil and affect groundwater until it reaches rivers, lakes, estuaries, and the ocean. 
Therefore, to exclude the possibility of overexposure to nanoscale particles in areas in 
which the atmospheric PM can contaminate hydrological resources, additional tests should 












aqueous system and including size measurements, for example, NanoSight for Nanoparticle 
Screening (NTA). Thus, the effects of atmospheric particulate emissions for aquatic biota 
can be understood more accurately with this newly-observed process. 
The variations in the PM10 and PM2.5 concentrations for each sample (corresponding to 
a 48-h sampling period) are shown in Fig. 3. The maximum concentration of PM2.5 was 
20.1 µg/m
3
 on June 7, 2018. For PM10, the highest concentration of 109.2 µg/m
3
 was 
registered on October 3, 2018. These high results are associated with activities that were 
carried out in the city during the sampling period, such as building construction close to the 
site, stream channeling, increase in vehicular traffic, and emissions from fertilizer 
production and metallurgy industry close to the study area. These increases in the 
concentrations of PM were also associated with the same sources in a report by the local 
environmental authority (Castillo-Ramírez et al., 2018). The behavior of atmospheric PM is 
strongly affected by meteorological variables and urban dynamics (Ramírez et al., 2018). In 
particular, the constant winds blowing from the Atlantic Ocean (Caribbean Sea) into the 
country have a substantial impact. The windiest period extends from November to May 
with average speeds of 4.5 m/s, while in the other months, wind speeds are lower than 3 
m/s (CIOH, 2007). During the day, the highest speeds are seen from noon up to the early 
hours of the next day (Palomino, 2016). 
According to the results of the chemical characterization of the PM (Table 1), the most 
abundant species (in terms of the mass) was BC for both the PM2.5 (1.14 ±0.59 µg/m
3
) and 
PM10 (2.13 ±1.12 µg/m
3
) fractions, an element emitted mainly from diesel vehicles or from 
burning biomass (Kholod & Evans, 2016). Sulfur was present in a high proportion in the 
fine fraction (0.81 ±0.17 µg/m
3
). The presence of sulfur-rich particles, in general, is 












atmosphere to form secondary aerosols, resulting in an increase in sulfate concentrations 
(Ordóñez-Aquino and Sánchez-Ccoyllo, 2017). Further, high concentrations of chlorine 
were observed in both PM2.5 (0.74 ±0.59 µg/m
3
) and PM10 (4.03 ±1.99 µg/m
3
), due to the 
proximity of the study area to the ocean, and this is associated with marine aerosols 
(Argumedo & Castillo, 2016; Scerri et al., 2016). Likewise, the concentrations of 
magnesium (0.21 ±0.10 µg/m
3
), aluminum (0.37 ±0.34 µg/m
3
), silicon (0.58 ±0.51 µg/m
3
), 
calcium (0.19 ±0.06 µg/m
3
), and iron (0.20±0.16 µg/m
3
) in PM2.5 were high and are 
associated with soil resuspension (Aldabe et al., 2011). 
On the other hand, for PM10, calcium (1.70 ±0.47 µg/m
3
) is present in the atmospheric 
dust in the form of carbonates and is significantly involved in the neutralization of the 
atmospheric acids (Argumedo and Castillo, 2016). However, chlorine reacts with calcium 
or aluminum to form chlorides (Ordóñez-Aquino and Sánchez-Ccoyllo, 2017). Further, in 
both fractions, similar concentrations of BC, Mg, P, Cu, and Zn were observed. The 
following sections detail the contributions of the different elements. 
 
3.2. PM10 and PM2.5 mass closure calculations  
The chemical composition of the particles determines their toxicological potential and 
behavior in the atmosphere, and it is a very important factor for assessing the contribution 
of different sources, especially in the development of strategies to control and reduce air 
pollution (Rojano et al., 2014; Park et al., 2018; ). Fig. 4 shows the mass closure results for 
PM10 and PM2.5. The sum of the masses of the measured compounds represents 28% and 
60% of the PM10 and PM2.5 fractions.  
For the PM2.5 fraction, the average contributions of the evaluated elements in this 












K, Ca, and Ti—correspond to 26% of the total mass, while those of the trace elements—V, 











—corresponded to 23% of the PM2.5 mass. This last 
group may be associated mainly with secondary inorganic aerosol species (Cesari et al., 
2018). In the atmosphere, chemical reactions can occur to form secondary aerosols, 
generating an increase in sulfate concentrations (Ordóñez-Aquino & Sánchez-Ccoyllo, 
2017; Tomasi et al., 2017). The results of this study agreed well with those of previous 
studies, as can be observed in Table 2, which also shows the greatest contributions 
associated with sulfates and nitrates (Murillo et al., 2013; Wang et al., 2006). The most 
abundant species in terms of the mass in the fine fraction (PM2.5) is BC (1.14 ± 0.59 
µg/m
3
), which agrees with the results of Arana and Artaxo (2014). The nonmetallic sulfur 
(0.81 ±0.17 µg/m
3
) and chlorine (0.74 ±0.59 µg/m
3
) were also abundant in this fraction. 
The presence of sulfur-rich particles, in general, is associated with fossil fuel combustion 
processes (WHO, 2005). Further, due to the proximity of the study area to the ocean, 
chlorine is associated with marine aerosols (Scerri et al., 2016). Likewise, significant 
magnesium (0.21 ±0.10 µg/m
3
), aluminum (0.37 ±0.34 µg/m
3
), silicon (0.58 ±0.51 µg/m
3
), 
calcium (0.19 ±0.06 µg/m
3
), and iron (0.20 ±0.16 µg/m
3
) contents were observed in the 
PM2.5 fraction, and these elements were associated with soil resuspension (Aldabe et al., 
2011). The remaining 40% of the PM2.5 mass probably corresponds to organic matter, 
elemental and organic carbon, and organic species that could not be traced in this 
investigation (Gu et al., 2014). 
The PM10 mass closure calculations presented a BC content of 4%, and the content of 
the major elements (Mg, Fe, Al, Si, P, S, Cl, K, Ca, and Ti) was 22%—i.e., the most 












Zn, and Pb) accounted for only 2% for the PM10 concentration. Further, the high 
resuspended dust content was evident from the amounts of soil dust tracers such as Al, Ca, 
Fe, Si, and Ti (Lu et al., 2018). In addition, for the coarse fraction, the most abundant 
species were chlorine (4.03 ± 1.99 µg/m
3
), the main tracer of marine aerosols (Contini et 
al., 2010), BC (2.13 ± 1.12 µg/m
3
), which in its recalcitrant form is a fundamental 
constituent of soil organic matter (Archanjo et al., 2014), and calcium (1.70 ± 0.47 µg/m
3
), 
which is present in atmospheric dust in the form of carbonates and acts in the neutralization 
of atmospheric acids (Argumedo and Castillo, 2016). Moreover, in both fractions, BC, Mg, 
P, Cu, and Zn contents were similar. 
Further, on average, 72% of the PM10 mass, i.e., 33.5 µg/m
3
 was composed of unknown 
constituents, whereas for the fine fraction, the unknown constituents corresponded to 4.79 
µg/m
3
 or 40% of the PM2.5 mass; these constituents are believed to be particles of organic 
matter and minerals rich in organic matter and elemental carbon (Terzi et al., 2010; Jain et 
al., 2018). Further, water-bound components in PM have been estimated to correspond to 
20%–35% of the total PM mass (Tsyro, 2005). The PM10 fraction is generally formed via 
the mechanical disintegration of materials or the resuspension of particles due to road 
traffic, the so-called resuspended road dust (Amato et al., 2016). It has been established that 
these particles, in general, are made up of seven chemical components or species: 
geological material, ammonium sulfates, ammonium nitrates, organic matter, elemental 
carbon, salts, and trace elements (Canales-Rodríguez et al., 2014). Further, the fine particles 
(PM2.5) are generally composed of ammonium nitrates, sulfates, BC, and secondary organic 
carbon (Ordóñez-Aquino and Sánchez-Ccoyllo, 2017). 
 












PM primary or secondary particles, especially in urban areas, originate from the 
vehicular traffic, energy-generation plants, industrial sources, natural sources, and the 
secondary aerosols formed by gas-to-particle conversion (Schneider et al., 2015). In this 
study, PMF was used to determine the PM emission sources, and four to six factors were 
analyzed to obtain the optimal result. The values of Q generated by PMF (robust and 
theoretical), the chemical profiles, and the relationship between modeled and measured 
concentrations of each factor were evaluated. The best solutions were found for five factors 
for both PM10 and PM2.5 fractions and are presented in Figs. 5 and 6. The blue columns and 
the red squares represent the mass contribution of the species to the factor (µg/m
3
), and the 
percentage of species in the factor, respectively. Further, in Fig. 7, the contribution factor 
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For PM2.5, the PMF receptor model gave the following factors: 
 F1 (Fuel oil combustion and fertilizer industries): Due to the variety of elements 
present, this factor was considered to represent mixed sources, characterized by high 
contributions of S, V, Ni, Pb, K
+
, P, and SO4
2–
. The elements, Ni, V, and Cu, are 
associated with fuel oil burning (Soleimani et al., 2018), and Ni and V, in particular, 
are indicators of heavy oil combustion in cargo ships—that is, associated with port 
operations (Wang et al., 2018)—or in industrial boilers (Vallius et al., 2003; Police et 
al., 2018). On the other hand, K is a tracer of various sources, including biomass 
burning, fertilizer industry emissions, or soil dust. However, during the sampling 
period considered in this study, no biomass burning event was observed upwind of the 





 were associated with fertilizer production (Ordóñez-Aquino and Sánchez-












and distribute fertilizers. This factor corresponds to 36.0% (4.05 µg/m3) of the PM2.5 
content. 
 F2 (Marine aerosols): This factor represents 17.0% (1.92 µg/m3) of the PM2.5 content. 








, so it is associated 
with marine aerosols. Marine aerosols are formed by the effect of winds on the ocean 
surface, which generates emissions of sea salt and inorganic ions (Bhuyan et al., 2018; 
Police et al., 2018; Vengoechea et al., 2018). 





, this factor was also considered to represent a mixed source. Several studies 




 with the processes of conversion of 
gaseous precursors NOx and SO2 to particles (Tao et al., 2014; Song et al., 2016; 
Perrone et al., 2018; Zhou et al., 2018). On the other hand, Ca
2+
 is a marker for 
limestone, so sources likely include fugitive emissions from construction and 
demolition work and other activities related to the use of limestone in the construction 
industry (Wang et al., 2006; Contini et al., 2016; Scerri et al., 2016). This factor 
corresponded to 11.8% (1.32 µg/m3) of the PM2.5 concentration. 
 F4 (Vehicular traffic): In the presence of BC, Mn, Zn, Cu, and Pb, this source 
represented 12.9% (1.45 µg/m3) of the PM2.5 concentration. Further, the BC content is 
consistent with emissions mainly from diesel vehicle emissions (Kholod and Evans, 
2016; Police et al., 2018), and the Mn content is associated with gasoline vehicle 
exhaust, as it is used to improve the combustion processes (Cheung et al., 2010). 
Elements such as Zn, Mn, Cu, and Ni have been related to vehicle exhaust emissions, 












Zn in the PM originate due to tire wear and abrasion of vehicle brakes (Jaiprakash and 
Habib, 2017; Liu et al., 2018). 
 F5 (Resuspended soil): This source contributed to 22.3% (2.51 µg/m3) of the PM2.5 
concentration. It was characterized by the presence of Al, Si, K, Ti, Mn, and Ca. The 
materials in the crust contribute to the atmospheric aerosol mass, and soil particles can 
be carried by the wind, especially when the soil is mechanically altered or during dry 
periods (Putaud et al., 2010; Police et al., 2018; Zhou et al., 2018). 
For PM10, the PMF receptor model gave the following factors: 
 F1 (Metallurgical industry): This source contributed to 11.3% (5.23 µg/m3) of the 
PM10 concentration. This factor was associated to Zn, S, Cu, and Cr, which are 
indicative of metallurgy emissions, and, in general, are associated with coarse 
particles (Xue et al., 2018; Zhong et al., 2018). 
 F2 (Resuspended soil): This source has a contribution of 20.4% (9.48 µg/m3) to the 
PM10 concentration, and it predominantly presents Al, Si, Mg, Ti, K, and Fe. This 
source is compatible with an increase in the concentration of species mainly related to 
the earth's crust (Cesari et al., 2018). In addition, resuspension of soil and arid soil 
particles are the main sources of these elements in PM10 (Contini et al., 2016). 
 F3 (Resuspended soil and construction work): The contribution of this factor to the 
PM10 concentration was 34.2% (15.88 µg/m
3
). The elements present in greater 
proportions were Ti, Mn, and Fe that may originate from the limestone used in civil 
works or present in geological material (Contini et al., 2016). Ti and Mn can be 












 F4 (Vehicular traffic): This source is associated with BC, Ca, Zn, and to a lesser 
extent with Ni, P, and Cu, contributing 4.3% (1.98 µg/m3) to the PM10 concentration. 
Cu and Zn are emitted by the wear of vehicle brakes and tires (Farahmandkia et al., 
2017), and Zn can also be emitted in the exhaust from the combustion of fuel and/or 
lubricating oil; further, BC is formed from the incomplete combustion of fossil fuels 
(Tasić et al., 2009; Maldonado-Arízaga, 2012; Hao et al., 2018). 
 F5 (Marine spray): This source, with a predominant concentration of Cl, contributed 
to 29.8% (13.80 µg/m3) of the PM10 concentration. The city of Barranquilla is located 
at a distance of 7.5 km from the Caribbean Sea, and the constant winds between the 
northeastern and eastern directions bring marine aerosols generated by the action of 
winds on the ocean surface. 
In Table 3, Spearman’s correlation matrix between the PM concentrations and the 
meteorological parameters are presented. The correlations corresponding to PM10 and PM2.5 
are presented in red and black, respectively. As can be seen, PM10 and PM2.5 have a highly 
significant correlation (ρ = 0.890), indicating similar variability. This information was also 
confirmed through the receptor model presented above, so the two fractions presented 
similar sources with varying contribution percentages. Similar results were observed in 
other studies (López et al., 2011; Murillo et al., 2013; Arana and Artaxo, 2014; Li et al., 
2016; Yao et al., 2016). 
Table 3 shows the influence of meteorological variables—solar radiation (ρ = 0.317) 
and wind speed (ρ = 0.280)—on the concentrations of PM2.5. Dry conditions are conducive 
to the resuspension of fine particles (Pedro et al., 2011). The influence of the 












exception of precipitation: in the case of the PM10 fraction, it presents a significant 
influence (ρ = –0.316). This inverse correlation between precipitation and PM10 is related to 
the rain removal process (Pillai et al., 2002; Blanco-Becerra et al., 2015). In general, all the 
results obtained in this study can be used for the development of plans for air quality 
management in the region, since it was possible to highlight the main PM sources on which 
local authorities can focus the control and mitigation measures. Thus, despite the aerial 
animal and human exposure to atmospheric pollution, a second contamination pathway 
should be evaluated when regulating atmospheric PM emissions, considering that the 
aquatic system can be the direct or indirect receptor of larger and smaller PM. Moreover, 
nanoparticles present in the PM can be incorporated into aquatic biota and further 
transferred to humans by food consumption (Souza et al., 2019). Hence, more research 
linking atmospheric pollution, and aquatic pollution is necessary since only few studies 
have focused on this contamination pathway. Most environmental regulations remain 
unclear about these issues, which are causing deleterious effects to several organisms and 
human health. 
The multiple patterns of heart rate variability indices changed with PM2.5 and UFPs at 
low PM2.5 concentrations, which was consistent with the results of previous authors (Chen 
et al., 2021). Studies in Europe and Canada showed that significant changes in heart rate 
variability indices with varying PM2.5 and UFPs occurred at lag 0- and 1-day (with peak 
values at lag 2-day), respectively; even though PM2.5 concentrations were much lower than 
those in China, the UFP concentrations were similar (Weichenthal et al., 2014; Peters et al., 
2015). The present work contributed information on geochemical of PM2.5 concentrations. 
To our best knowledge, it is the first study to report the different chemical compositions at 












allowed UFPs to penetrate deeper and evade the clearance from the respiratory tract (Li et 
al., 2016). The different behaviors of PM10 and PM2.5 in the human respiratory tract may 
contribute to the differences in associations with cardiovascular indices.  
 
4. Conclusion  
In this study, the concentrations of the atmospheric particulate matter (PM10 and PM2.5) 
and the chemical elements associated with each fraction were evaluated to identify the 
contributions of the main emission sources. The results showed that the fine fraction 
corresponds to just 26% of the PM10 mass concentration, a low ratio for urban areas. This 
can be attributed mainly to the processes of dispersion and dilution of PM2.5, which depend 
on the wind speed and direction, and also coupled with the proximity of the study area to 
the Caribbean Sea and the topography of the region. The mass closure calculation results 
indicated that 28% and 60% of the PM10 and PM2.5 mass was identified by PMF. Therefore, 
future research should consider more compounds and/or elements not evaluated in this 
study. It was also observed that for both fractions, the BC, Mg, P, Cu, and Zn contents are 
similar. The predominant sources for PM10 were civil works and resuspended soil with a 
contribution of 34.2% and marine spray with a contribution of 29.8%. For the fine fraction, 
the main sources were fuel oil combustion and fertilizer industry emissions with a 
contribution of 36%, followed by resuspended soil with 22.3% contribution. These results 
are attributed to the fact that in the city of Barranquilla, during the sampling period, civil 
construction of sports complexes and stream channeling were underway, in addition to an 
increase in the vehicle fleet, production of fertilizers, and metallurgy work, as a result of the 
regional economic growth. Barranquilla currently does not have historical records that can 












air quality, so this study provided this information so that the authorities can develop 
pollution-mitigation measures and prevent the adverse atmospheric and health impacts of 
particulate matter. However, there is still a need to complement the chemical 
characterization of atmospheric particulate matter and establish action plans that can 
minimize the impacts on human health and the environment. Future works should attempt 
to assess the contribution of meteorological variables on the overall interaction between 
urban levels and air pollutant concentrations. Another major caveat of the current study is 
related to the limited number of monitoring stations considered. While the obtained results 
are meaningful with practical significance for Barranquilla city, it is still worth noting that 
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Table 1. Average concentrations (µg/m
3
), standard deviation, maximum and minimum for 
PM2.5 and PM10, and the associated chemical elements. 
ELEMENT  
PM2.5 PM10 (PM2.5 / 
PM10)×
100% Average Std.Dev Min Max Average Std.Dev Min Max 
PM 12.01 3.19 4.27 20.13 46.67 16.25 13.36 109.25 26% 
BC 1.136 0.592 0.293 3.168 2.132 1.124 0.342 5.881 53% 
Mg 0.208 0.097 0.017 0.530 0.377 0.218 0.018 0.945 55% 
Al 0.370 0.342 0.029 2.110 0.930 0.607 0.212 2.842 40% 
Si 0.584 0.508 0.056 3.143 1.582 0.977 0.372 4.731 37% 
P 0.078 0.015 0.036 0.130 0.135 0.022 0.078 0.196 58% 
S 0.811 0.175 0.328 1.335 0.939 0.188 0.389 1.485 86% 
Cl 0.737 0.595 0.001 2.165 4.028 1.992 0.392 8.298 18% 
K 0.157 0.059 0.048 0.410 0.423 0.134 0.136 0.823 37% 
Ca 0.180 0.064 0.048 0.397 1.701 0.471 0.811 3.082 11% 
Ti 0.023 0.021 0.002 0.140 0.084 0.053 0.015 0.243 27% 
Cr 
   
  0.005 0.001 0.002 0.008 
 
V 0.004 0.001 0.001 0.007 0.001 0.000 0.001 0.003 77% 
Mn 0.004 0.003 0.001 0.018 0.018 0.009 0.003 0.050 24% 
Fe 0.199 0.162 0.031 1.053 0.816 0.475 0.167 2.722 24% 
Ni 0.001 0.004 0.001 0.039 0.002 0.004 0.001 0.040 75% 
Cu 0.003 0.001 0.001 0.006 0.006 0.001 0.003 0.009 47% 
Zn 0.011 0.008 0.002 0.041 0.021 0.010 0.008 0.059 53% 
Pb 0.007 0.010 0.003 0.076 0.011 0.010 0.005 0.082 64% 
Na
+
 0.891 0.437 0.033 1.748 
    
 K
+
 0.112 0.047 0.014 0.258   
   
 Mg
2+
 0.100 0.047 0.003 0.200   
   
 Ca
2+
 0.159 0.110 0.012 0.600   
   
 Cl
–
 0.549 0.409 0.001 1.467   
   
 NO3
–
 0.509 0.545 0.131 4.000   
   
 SO4
2–















Table 2. Comparison of the concentrations of PM and chemical elements (µg/m
3
) obtained 


























i. Indiah Site 1 Site 2 
PM2.5 12.01 34.00 70.87 66.99 36 103.35 35 56 13.467 42 





52 144.52 119.10 95 18.877 71 
(PM2.5/PM1
0)×100% 
26% 65% 66% 66% 69% 72% 29% 58% 71% 59% 
BCPM2.5 1.14 - - - - - - - - - 
BCPM10 2.13 - - - - - - - - - 
Mg PM2.5 0.21 0.32 - - 0.15 0.31 0.08 0.3 0.14 0.22 
Al PM2.5 0.37 1.01 0.02 0.00 0.35 1.71 - 1.2 - 0.45 
Si PM2.5 0.58 - 4.21 3.80 4.21 - - 1.9 0.84 - 
P PM2.5 0.08 - - - - - 0.03 - 0.023 0.028 
S PM2.5 0.81 - 0.13 0.14 - - - - 1.503 - 
Cl PM2.5 0.74 - - - - - 0.59 - - 0.26 
K PM2.5 0.16 - 0.23 0.17 0.12 2.71 0.48 - 0.37 0.28 
Ca PM2.5 0.18 0.89 0.23 0.29 0.23 1.44 0.51 0.7 0.222 0.31 
Ti PM2.5 0.02 0.02 0.01 0.02 - 0.03 0.02 0.3 0.004 0.023 
V PM2.5 0.00 0.01 0.01 0.01 0.00 0.07 0.009 0.02 0.015 0.0091 
Mn PM2.5 0.00 0.01 0.01 0.01 0.35 - 0.014 0.05 0.003 0.0092 
Fe PM2.5 0.20 0.17 0.33 0.35 0.21 0.03 0.26 2.7 0.063 0.31 
Ni PM2.5 0.00 0.01 0.00 0.00 0.01 0.03 0.006 0.03 0.004 0.0063 
Cu PM2.5 0.00 0.01 0.01 0.01 0.10 0.10 0.052 0.15 0.028 0.0062 
Zn PM2.5 0.01 0.10 0.03 0.03 - 0.86 0.178 0.60 0.017 0.064 
Pb PM2.5 0.01 0.02 0.00 0.00 0.01 - 0.130 0.18 0.007 0.036 
MgPM10 0.38 0.51 - - 0.15 1.05 0.29 0.4 0.153 0.68 
Al PM10 0.93 1.49 0.10 0.08 0.74 8.06 - 2.9 - 1.65 
Si PM10 1.58 - 25.95 17.80 2.00 - - 4.9 - 4.1 
P PM10 0.14 - - - - - 0.04 - 0.014 0.044 
S PM10 0.94 - 0.29 0.28 - - - - - 0.99 
Cl PM10 4.03 - - - - - 1.10 - - 2.3 
K PM10 0.42 - 1.93 1.70 0.23 3.38 0.56 - 0.175 0.43 
Ca PM10 1.70 1.07 3.88 3.93 0.37 4.29 2.25 1.5 0.134 2.4 
Ti PM10 0.08 0.06 0.32 0.27 - 0.14 0.05 0.3 0.007 0.17 
V PM10 0.01 0.01 0.02 0.02 - 0.08 0.013 0.03 0.005 0.0072 
Cr PM10 0.00 0.03 0.01 0.01 0.01 0.08 0.006 0.07 - 0.026 
Mn PM10 0.02 0.02 0.09 0.07 0.14 0.10 0.024 0.06 0.005 0.041 
Fe PM10 0.82 0.57 3.80 3.05 0.55 0.13 0.89 3.3 0.137 1.9 
Ni PM10 0.00 0.01 0.01 0.00 0.01 0.04 0.007 0.05 0.003 0.0023 
Cu PM10 0.01 0.02 0.03 0.01 0.15 0.02 0.074 0.18 0.008 0.019 
Zn PM10 0.02 0.13 0.06 0.03 - 0.90 0.25 0.64 0.016 0.084 




Urban Semi Urban 
Industri
al 






Chin et al. (2016), 
b
López et al. (2011), 
c
Murillo et al. (2013), 
d
Wang et al. (2006), 
e
Querol et al. 
(2001), 
f
Mugica et al. (2009), 
g
Salvador et al. (2007), 
h















Table 3. Spearman’s correlation matrix between the PM concentrations and meteorological 
variables. The correlations in red correspond to PM10 and those in black to PM2.5. 





** –0.191 0.035 –0.212 0.317** –0.206 –0.051 0.280* –0.351** 
PM10 0.890
** 1 –0.318** 0.123 –0.205 0.467** –0.316** –0.199 0.386** –0.343** 
BC –0.328** –0.464** 1 
–
0.300** 
0.214 –0.474** 0.383** 0.328** –0.468** 0.310** 
T 0.035 0.123 –0.196 1 –0.413** 0.436** –0.257* –0.515** –0.056 0.035 
RH –0.212 –0.205 0.274* 
–
0.413** 
1 –0.561** 0.363** 0.270* –0.439** 0.033 
Rad 0.317** 0.467** –0.573** 0.436** –0.561** 1 –0.474** –0.364** 0.571** –0.201 
Precip. –0.206 –0.316** 0.401** –0.257* 0.363** –0.474** 1 0.266* –0.498** 0.149 
Atm. 
Pres. 
–0.051 –0.199 0.215 
–
0.515** 
0.270* –0.364** 0.266* 1 –0.218* 0.029 
WS 0.280* 0.386** –0.585** -0.056 –0.439** 0.571** –0.498** –0.218* 1 –0.295** 
WD –0.351** –0.343** 0.322** 0.035 0.033 –0.201 0.149 0.029 –0.295** 1 
* Correlation is significant at the 0.05 level     




























 PM10 and PM2.5 concentrations and the chemical elements associated were 
evaluated. 
 PMF receptor model indicated five emission sources for each PM fraction. 
 PM10 predominant sources were civil works, resuspended soil, and marine spray. 
 PM2.5 main sources were fuel oil combustion and fertilizer industry emissions. 
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